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Purpose
Measure the stopping voltage associated with different wavelengths of light, verify Einstein’s theory of the photoelectric effect, and determine a value for h, Planck’s constant.
References

Knight Physics for Scientists and Engineers, pp. 1220-1228, Beiser Concepts of Modern Physics 6th ed. pp. 62-67, Tipler and Llewellyn Modern Physics 4th ed., pp. 141-147, Hecht Optics 4th ed. pp. 50-56. 
Optional Prelab

1. Calculate the quantity hc in SI units and then in units of eV-Å.  (1 eV is 1.6x 10-19 J, Ångstroms are a unit of length and 1 Å= 10-10 m).  The dash just means “multiply” here as a unit of torque is N-m.
2. The red He-Ne laser used in this lab produces light with a wavelength of 6328 Å.  Determine the frequency of this light and the energy per photon.

3. It is sometimes convenient to speak about the wavenumber defined as 1/ and traditionally quoted in unit of cm-1 (sometimes this unit is just called “wavenumbers”).  If visible light runs from a wavelength range of 4000 to 6500 Å work out the range in terms of wavenumber.  (Note: wavenumber as defined here is not the same as wavevector which is 2/.)

Safety

Avoid looking directly at the mercury source and try to keep the light shielded from other people in the lab.  Please wear goggles if you do not wear glasses.  Do not expose the photocathode to any light unless it is filtered.  Also use caution with the lasers to avoid eye exposure.  The mercury tube and the surrounding shielding get quite hot so don’t touch them.
Background
This important experiment, which provided the first convincing experimental verification of the quantum theory, was suggested by Einstein in 1905.  He was later awarded the Nobel prize in 1921 for his theory.  The actual phenomenon of photoemission of electrons from metals was observed by Hertz in 1887.  Lenard in 1900 positively identified the liberated particles as electrons (discovered 3 years earlier by Thomson) and studied the energies and numbers (i.e. the current) of the photoelectrons as a function of the wavelength of the incident light and its intensity as best as he could with the equipment available.  His results were impossible to explain using the wave theory of light (where the energy would be spread over space and time).  
Einstein postulated that not only is light emitted and absorbed in discrete but tiny bundles, as proposed by Planck, but it is propagated that way as well, flying through space like bullets. This conjecture nicely explained the photoelectric effect experiment.  In this experiment, the maximum kinetic energy of the electrons leaving the surface of a metal when irradiated by quasi-monochromatic light is shown to depend upon the WAVELENGTH (or colour) of the light, and NOT upon the intensity of the light.  When Einstein made his suggestion, there was not sufficient evidence to confirm or disprove his equations.  Very precise measurements were subsequently made by Millikan, with the result that the theory was completely verified.
Light contains energy.  It is this energy that comes from the sun that allows life to exist on this planet, causes weather, and drives ocean currents.  Transfer of energy from light allows for photosynthesis in plants, eyesight, and photovoltaic cells.  Hence, a correct description of how light interacts with matter is extremely important.

Theory

With this apparatus, you will be able to repeat the essential part of the experiment that served to establish the quantum theory of radiation.  The photocathode is irradiated by light of approximately only one wavelength or colour (quasi-monochromatic light), and a voltage is applied between the anode (where the current is measured) and cathode so that it opposes the energy of the emitted photoelectrons.  The potential energy gained (or kinetic energy lost) is eV where e is the charge of the electron and V is the potential difference or voltage between the anode and cathode.  The voltage required to “just” stop the current flow Vs will thus be proportional to the maximum kinetic energy of the emitted photoelectron (like a roller coaster just coming to a stop at the top of a hill; you are changing the height of the hill as you change the voltage).  
[image: image1.wmf]Making use of Planck’s quantum ideas (from his description of blackbody radiation), Einstein postulated that light consists of a stream of discrete bundles of energy, called photons
.  He suggested that each photon possesses an energy, E, given by
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where h is Planck’s constant, is the frequency of the light, λ is the wavelength of the light, and c is the velocity of light in vacuum.  Following this assumption, the photoelectric effect is then the result of each photon transferring its entire energy to an electron in the metal.  [It is possible for only part of the energy to be transferred (Compton effect) or for multiple photons to be transferred but not under these experimental conditions.]  Some of the energy is used to tear the electron loose from the metal (known as the work function, , while any excess is used to give kinetic energy (motion) to the ejected electron.  Using our previous results for the maximum kinetic energy and accounting for the energies




              



(2)

[image: image8.wmf]f

l

-

=

hc

eV

s


[image: image12.wmf]s

eV

KE

=

max


The work function varies from material to material and is smallest for alkali metals (this apparatus uses potassium).  We must have light such that h>  in order to see the photoelectric effect (known as the threshold frequency).  The alkali metals have work functions such that the photoelectric effect is seen at the frequencies (or wavelengths) of visible light. 

For accurate results, the measurement of very small photocurrents is required.  The electronics and ammeter to do this are all contained in the “Photoelectric Effect” apparatus by Daedelon Corp.
Theory of Operation
In this experiment, light of a known frequency is shone upon the alkali metallic surface (potassium) acting as the photocathode in an evacuated tube (keeps the surface clean and prevents collisions of photoelectrons with molecules in the air).  Electrons are ejected from the cathode and some reach the collector producing a photoelectric current, I, as shown in Fig. 1 (with 3 “subfigures”).
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Figure 1:  Showing Schematic in 3 parts
The anode can be made negative (reverse bias) with respect to the cathode to repel the electrons.
 Only electrons leaving the emitter surface with initial kinetic energy greater than the potential energy between the cathode and collector will reach the anode and register a current.  The potential difference can be increased until no electrons reach the collector and the current is stopped.  This potential is called the stopping potential Vs. 
This equation can be tested experimentally by measuring the stopping voltage, Vs, for various frequencies of light, v.  The values of h and  can then be found from the graph of stopping voltage vs. light frequency.
Procedure

1. Set up the Photoelectric Effect Apparatus on a table so that the aperture in front of the photodiode faces the mercury lamp.  The phototube is very sensitive to small amounts of stray radiation, particularly shorter wavelengths than those being measured.  Sunlight is very rich in these wavelengths, so it is often useful to perform the experiment in total darkness.

2. Connect a voltmeter to the red and black banana jacks on the left hand side of the top panel of the apparatus.  They are connected across the anode and cathode and measure the stopping potential.  (One jack on the upper right corner remains unconnected.)
3. Cover the aperture with the metal shield.  To set the zero adjustment on the ammeter amplifier turn on the apparatus and adjust the right hand “Zero Adjust” knob until the meter reads zero.  The internal amplifier is quite stable, but since the measurement is made at the scale zero, any drift causes error.  The zero adjustment should be checked frequently during the measurements.

4. Plug in the mercury lamp to turn it on and allow it to warm up. Warning: Do not look directly into the mercury lamp.  Mercury lamps with quartz envelopes emit ultraviolet radiation, which can be harmful to your eyes (mostly it just gives you a headache).  Glass or plastic glasses provide some protection, otherwise wear the goggles provided.
5. Turn the “Voltage Adjust” knob (your reverse bias adjustment) on the middle of the panel to its counterclockwise limit.  The voltmeter should read zero or very close to it.  
6. There are several filters provided with the apparatus that are mounted on pieces of cardboard.  You will use these with the mercury source.  They are composed of multiple layers and allow only a narrow band of wavelengths to pass.  (How would you check this?)  They are, however, directionally sensitive and the light needs to be “aimed” perpendicular to their surface for it to be transmitted.  Just look through a couple of them at the mercury source or the overhead light to see what I am talking about.  There are also two coloured filters that are essentially pieces of red and green stained glass.  You will use these with the lasers.
7. Turn the apparatus away from the mercury source and replace the metal plate with one of the filters (see table at the end for a list).  Now turn it back towards the source.  To avoid problems with directional sensitivity keep the mercury source more than 30 cm from the photoelectric effect apparatus and just move and turn the apparatus a little bit with your hand to make sure your photocurrent is steady and maximized before you start taking measurements.  Use the jack to bring the apparatus level with the mercury source.  Take measurements of various photocurrents and their corresponding reversed bias especially as the current approaches zero (below 5 – 0 nA).  Don’t just measure zero!  Repeat for each of the multilayer filters provided.  Remember to check the zero adjustment on the photoelectric effect apparatus.  
Note:  If you start taking measurements for a specific filter and the initial photocurrent reading is less than 20 nA, the photoelectric apparatus is probably not lined up properly with the mercury lamp.  If this is the case, the measurements will not be accurate since it will be hard to tell when the current reaches zero exactly.  Remember that the multilayer filters are directionally sensitive (a distance of ~30 cm between the apparatus and mercury lamp is good).
8. You can also make measurements using the green and red lasers provided and their corresponding glass filters (these just look like stained glass, use red filter for red laser, green filter for green laser).  Warning: Do not look directly into the laser.  We don’t want the narrow beam of the laser to hit the photocathode since experimentally that is quite different from the broad beam of the mercury source with the multilayer filter.  Direct the laser beam through the short focal length lens provided to spread the beam over a few centimeters in width.  A problem I have seen with the lasers is that you sometimes go right through zero photocurrent.  I think some of that arises from photocurrent coming from the anode.  This problem doesn’t seem to affect the results though.  Since the laser doesn’t provide a lot of stray light you may carefully use the flashlight so you can read the ammeter (just make sure it doesn’t shine into the apparatus).  
9. As a separate test, try using the multilayer filters with the laser source (a piece of white paper on the other side of the filter can be used to detect the transmitted beam).  Notice how the laser beam is blocked by the filter allowing no light to pass through.
10. Measure the output current as a function of stopping voltage for each wavelength given in the table at the end of the lab.  As the voltage increases, fewer and fewer electrons have enough energy to reach the anode, and the current drops.  The critical point on the curve is the voltage at which the current falls to zero.  You should have several curves like the one shown below in Fig. 2.  If you only plot the two corresponding to the shortest wavelength this is fine.  Make a measurement at “zero” current and make sure it is consistent with the trend of the non-zero points.  Now make an estimate of Vs by sketching what seems to be a reasonable extrapolation of the non-zero current points.  Estimate an uncertainty of Vs for each of the wavelengths examined.
Analysis

Graph the stopping voltage, Vs vs. 1/to verify equation 2.  Be careful with the units; your best bet is probably to work in MKS (MKS is a grouping of metric units – metre, kilogram, and second).  Use the known values for “c” and “e” to obtain a value for Planck’s constant and the work function of the metal (electron volt units are fine for the work function).  Pay attention to error bars and use max/min slopes or some other method to estimate the uncertainty in your value for h. Also compare to the accepted value for h.
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Figure 2: Sample data showing how to find stopping voltage and its uncertainty.
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Notes
From a plot of V versus 1/λ, the slope of the line can be determined.  Since the slope equals hc/e, then
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Figure 3: Example of how to find Planck's constant.  Dashed lines in the above graph indicate estimated max and min slopes.
Known values:


c = 2.998 x 108 m/s


e = 1.602 x 10-19 C


h = 6.626 x 10-34 Js
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� A postulate is a statement that doesn’t come from a current theory but is a conjecture or new idea whose validity will be determined by subsequent experimental observations.





� In physics experiments where electrons are moving through the vacuum between electrodes the cathode is always the source of electrons.  In the forward bias condition the electrons are accelerated towards the anode.  In this experiment the electrons are also collected at the anode (although this would not be the case if you wanted a separate beam of electrons.)  In electrochemistry the definitions are a bit more subtle.  If you are applying a bias from outside then the cathode is the electrode where reduction occurs and it attracts the positively charged cations.  Hence you require electrons to flow to the cathode from outside the circuit and by the sign convention for the charge of an electron the current flows away from the cathode.  In order to accomplish this the cathode is held at a lower potential than the anode (so it is the negative electrode).  If you are operating the system as an electrolytic cell (battery) then the cations and the electrons separate at the anode (oxidation) and move toward the cathode inside and outside of the cell respectively.  So current flows from the cathode to the anode and the cathode is the positive terminal of the battery.  The process is reversed when you recharge the battery.
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						1 Angstrom = 10-10 m

				Red		6328		red laser with red glass filter

				Green		5435		green laser, green glass filter

				Yellow		5777		Hg lamp with multilayer filters

				Green		5461

				Bluish-violet		4358

				Violet		4050
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